Buchner DA, Burrage LC, Hill AE, Yazbek SN, O'Brien WE, Croniger CM, Nadeau JH. Resistance to diet-induced obesity in mice with a single substituted chromosome. Physiol Genomics 35: 116 -122, 2008. First published July 15, 2008 doi:10.1152/physiolgenomics.00033.2008.-Obesity and its comorbidities are taking an increasing toll on human health. Key pathways that were identified with single gene variants in humans and model organisms have led to improved understanding and treatment of rare cases of human obesity. However, similar progress remains elusive for the more common multifactorial cases of metabolic dysfunction and disease. A survey of mouse chromosome substitution strains (CSSs) provided insight into the complex genetic control of dietinduced obesity and related conditions. We now report a survey of 60 traits related to obesity and metabolic syndrome in mice with a single substituted chromosome as well as selected traits measured in congenic strains derived from the substituted strain. We found that each strain that was resistant to diet-induced obesity had a distinct phenotype that uniquely modeled different combinations of traits related to metabolic disease. For example, the chromosome 6 CSS remained insulin resistant in the absence of obesity, demonstrating an atypical relationship between body weight and insulin resistance. These results provide insights into the genetic control of constant components of this mouse model of diet-induced metabolic disease as well as phenotypes that vary depending on genetic background. A better understanding of these genotype-phenotype relationships may enable a more individualized diagnosis and treatment of obesity and the metabolic syndrome. C57BL/6J; A/J; metabolic syndrome; quantitative trait locus; congenic strain THE IMPACT OF OBESITY on human health is considerable given the comorbidities such as cardiovascular disease and type 2 diabetes. Heritable factors account for 45-75% of variation in body mass index (BMI), the most common measure of obesity (8). Genetic studies have revealed a great deal about the molecular basis of obesity, with substantial progress coming from studies of mouse models (4). Genes such as leptin and its receptor are mutated in rare cases of human obesity and mouse models of monogenic obesity (7). However, most cases of human obesity are thought to be polygenic, and the identity of the genes and pathways involved has largely eluded discovery in both humans and mice (2).
The metabolic basis of human obesity is similarly complex. Various findings support important contributions of feeding behavior, nonexercise activity thermogenesis, in utero environment, microbial content in the gut, and resting energy expenditure, among others (10, 15-17, 21, 25, 29) . At the individual level, the metabolic basis of obesity is probably attributable to variable combinations of these and other factors. To study the many genetic and metabolic factors at work within an individual, a complete panel of mouse chromosome substitution strains (CSSs) was analyzed for a series of complex traits including diet-induced obesity and its associated phenotypes (Ref. 26 ; Shao H and Nadeau JH, unpublished observations). These surveys found that large-effect quantitative trait loci (QTLs) and epistasis are common features of polygenic traits in mice. The genetic and metabolic bases of these QTLs may therefore have considerable clinical interest because of their potential to further our understanding of the relationship between genotype and phenotype as well as suggest novel targets for pharmaceutical treatments.
The CSS panel is comprised of 22 strains of mice, each with a single A/J-derived chromosome, with the remainder of the genome derived from strain C57BL/6J (B6). B6 and A/J mice respond differently to an obesogenic diet (5, 28) . B6 mice become obese and develop many characteristics of metabolic syndrome, whereas A/J mice remain relatively lean and physiologically normal. Our laboratory has identified 17 CSSs that are resistant to diet-induced obesity including the chromosome 6 substitution strain C57BL/6J-Chr 6 A/J (B6.A6) (26) . In this report, results are presented characterizing the metabolic basis for obesity resistance in A/J, B6.A6, and the congenic strains that define an obesity resistance QTL on chromosome 6, Obrq2, which alone accounts for Ͼ50% of the body weight difference between the parental strains B6 and A/J. Analysis of the metabolic profiles sheds light on the genetic complexity associated with obesity and the potentially unique etiologies underlying obesity resistance in each strain.
MATERIALS AND METHODS
Husbandry. Mice were obtained from the Jackson Laboratory (B6 and A/J) or from breeding colonies at Case Western Reserve University (B6, A/J, B6.A6, 6C1, and 6C2). Mice were housed in ventilated racks and maintained at 21°C on a 12:12-h light-dark cycle. Litters were weaned at 3-4 wk of age. Mice had access to food and water ad libitum unless otherwise indicated. Breeding colonies were fed Lab-Diets 5010 chow (PMI Nutrition International). The Institutional Animal Care and Use Committee approved all procedures.
Generation of congenic strains 6C1 and 6C2. (B6 ϫ B6.A6) F2 mice were genotyped with 13 microsatellite markers spanning chromosome 6 with an average marker distance of 10.7 Mb (range 3-25.2 Mb). The markers used for genotyping were D6Mit138, D6Mit159, D6Mit223, D6Mit274, D6Mit384, D6Mit188, D6Mit391, D6Mit284, D6Mit36, D6Mit287, D6Mit254, D6Mit59, and D6Mit15. Selected F2 mice that inherited a recombinant chromosome were backcrossed to B6. Offspring that were heterozygous for the recombinant chromosome were intercrossed to homozygose the selected segment. The congenic strains were subsequently maintained by brother-sister mating. Strain 6C1 was genotyped as homozygous for the A/J-derived allele at marker D6Mit138 and homozygous for the B6-derived allele at the remaining 12 markers. Strain 6C2 was genotyped as homozygous for the A/J-derived allele at markers D6Mit138 and D6Mit159 and homozygous for the B6-derived allele at the remaining 11 markers.
Blood and plasma measurements. Mice that were ϳ135 days of age (ranging from 127 to 136 days) were fasted overnight, weighed, and anesthetized with an intraperitoneal injection of 0.8 mg/g Avertin. Insulin and glucose were measured in mice that were 147-151 days of age that had been anesthetized with isoflurane. Once anesthetized, nose-to-anus length and retroorbital blood glucose (OneTouch Ultra, LifeSpan) were measured. Insulin was measured with a mouse ultrasensitive insulin ELISA (Mercodia) in combination with a Wallac Victor 3 1420 Multilabel Counter (Perkin Elmer). The homeostasis model assessment-insulin resistance (HOMA-IR) is presented as fasting glucose (mmol/l) ϫ fasting insulin (mU/l)/22.5.
For studies involving B6, A/J, and B6.A6, mice were fasted for ϳ24 h. Blood was collected by cardiac puncture into a 1-ml syringe (Becton Dickinson) and transferred to a heparinized Microtainer plasma separator tube (Becton Dickinson). Samples were centrifuged for 5 min at ϳ2,000 g. Cholesterol, triglycerides, blood urea nitrogen (BUN), and ␤-hydroxybutyrate (BHB) were measured at Marshfield Laboratories (Marshfield, WI).
Plasma neutral sterols were measured with gas chromatographymass spectrometry (Hewlett Packard 6890 GC with a 5973 mass spectrometer) using selected ion monitoring mode. Plasma amino acids were quantified by cation exchange chromatography on a high-performance liquid chromatography system (Dionix) using postcolumn derivitization with ninhydrin reagent (Pickering). Acylcarnitine profiles were measured with tandem mass spectroscopy (Micromass Quatro) (30) .
For studies involving 6C1 and 6C2, mice were fasted for ϳ16 h. Blood was collected from the retroorbital sinus with a microcapillary tube and placed in a Microtainer tube with EDTA (Becton Dickinson) for measurement of triglycerides and free fatty acids or with heparin (Becton Dickinson) for all remaining studies. Samples were centrifuged for 5 min at ϳ2,000 g. Cholesterol, triglycerides, and BHB were measured according to manufacturer's protocols (Pointe Scientific) with a split-beam spectrophotometer (Genesys 5, Spectronic). Free fatty acids were measured according to the acyl-CoA synthetase (ACS)-acyl-CoA oxidase (ACOD) method with the NEFA C test kit (Wako Chemicals).
Liver triglycerides. After blood collection, liver samples were collected, immediately frozen on dry ice, and stored at Ϫ80°C. A piece of liver (100 -200 mg) was saponified in an equal volume (l) by weight (mg) of 3 M KOH, 65% ethanol (24) . The sample was incubated at 70°C for 1 h and then at room temperature for 24 h. The sample volume was adjusted to 500 l of 50 mM Tris per 100 mg of tissue used. Each sample was then diluted 10-fold with 50 mM Tris (pH 7.5). Triglycerides were measured with commercially available reagents and standards (Pointe Scientific).
Histology. Liver tissue was fixed in 10% formalin, sectioned at 5 m, and stained with hematoxylin and eosin at the tissue procurement and histology core facility at Case Western Reserve University.
Diet studies. Five-week-old male mice were placed on a high-fat simple carbohydrate diet (HFSC) or a low-fat complex carbohydrate diet (LFCC) or remained on the 5010 diet. The HFSC diet (Research Diets D12331) derives 58% of its kilocalories from fat (soybean and coconut oil), 25.5% of its kilocalories from carbohydrate (sucrose and maltodextrin), and 16.4% of its kilocalories from protein (casein). The LFCC diet (Research Diets D12328) derives 10.5% of its kilocalories from fat (soybean and coconut oil), 73.1% of its kilocalories from carbohydrate (corn starch and maltodextrin), and 16.4% of its kilocalories from protein (casein). The 5010 diet derives 12.7% of its kilocalories from fat, 58.5% of its kilocalories from carbohydrate, and 28.7% of its kilocalories from protein. Mice were weighed every 2 wk for ϳ100 days (ranging from 90 to 106 days). BMI was calculated by dividing body weight (g) by the square of the anal-nasal length (cm).
Food intake. Twenty-four-hour food consumption was measured over 4 consecutive days. During each 4-day period, a thin layer of bedding and a known quantity of the HFSC diet were provided. Food remaining after 24 h was weighed, and the procedure was repeated for 3 additional days. The average quantity of food consumed per mouse was calculated for group-housed mice (2-4 6C1 and 6C2 mice were housed per cage; B6, A/J, and B6.A6 were singly housed).
Statistics. Unpaired t-tests were used to compare body weight, BMI, fat pad weight, blood chemistry, liver triglycerides, and food intake between pairs of strains. A two-way ANOVA was used to analyze the effect of strain, diet, and strain ϫ diet interactions on weight gain. Variance was compared with the F-test. The P values presented have been corrected according to the Bonferroni method to account for the number of tests for each trait. Results are presented as means Ϯ SE.
RESULTS

Genetic resistance to diet-induced obesity.
A/J mice and the B6.A6 CSS are resistant whereas B6 mice are susceptible to diet-induced obesity when fed a HFSC diet (26, 27) . Additional independent body weight measurements of strains B6, A/J, and B6.A6 confirmed this finding ( Table 1, Supplemental Fig.  S1A) . 1 The data demonstrate a 9.7-g (22%) body weight difference between strains B6.A6 (34.6 g) and B6 (44.3 g), representing ϳ75% of the 12.8-g difference between the parental strains A/J and B6 (Table 1) . 1 The online version of this article contains supplemental material. Values are means Ϯ SE for n mice. HFSC, high-fat simple carbohydrate; LFCC, low-fat complex carbohydrate; BMI, body mass index. *P Ͻ 0.05 (relative to B6); †P Ͻ 0.05 (relative to A/J); ‡P Ͻ 0.0001 (relative to B6).
A gene-environment interaction in diet-induced obesity.
To determine whether the obesity resistance of B6.A6 was specific to the HFSC diet, body weight was also examined with the LFCC diet. B6.A6 was again leaner than B6, demonstrating that obesity resistance is not diet specific, although the weight difference was significantly larger on the HFSC diet ( Table 1) . Comparisons of weight gained on the HFSC and LFCC diet revealed significant effects of strain and diet and an interaction between strain and diet (Fig. 1A) .
Semidominant inheritance of obesity resistance. To characterize the inheritance pattern of the obesity resistance phenotype of B6.A6, we analyzed the body weight of offspring from a cross between B6 and B6.A6 mice. These mice inherited one B6-derived and one A/J-derived chromosome 6 so that they were heterosomic for chromosome 6 but were otherwise homozygous for B6-derived chromosomes. The body weight of these mice was significantly less than that observed for B6 mice Decreased adiposity in B6.A6 males. To test whether the obesity resistance of B6.A6 males is associated with decreased adiposity, gonadal fat pad weight was measured in B6, A/J, and B6.A6 males fed the HFSC diet. Relative to the fat pads in B6, A/J and B6.A6 had fat pads that were 35% and 27% smaller, respectively (Table 1) . Similarly, comparisons of BMI between strain B6 and both A/J and B6.A6 were consistent with comparisons of body weight and fat pad mass (Table 1) . Therefore, a decrease in adiposity contributed to the lower body weight of strains A/J and B6.A6 relative to B6.
Feeding behavior did not differ between B6 and B6.A6 mice. Consumption of HFSC chow in B6, A/J, and B6.A6 singly housed males was measured at 35 days of age (0 days on HFSC diet), 85 days of age (50 days on HFSC diet), and 135 days of age (100 days on HFSC diet) and was normalized to body weight. Relative to B6, food intake per gram of body weight did not differ in B6.A6 and was increased in A/J at each time point (Table 2) . Thus a reduction in food intake did not account for the resistance to diet-induced obesity of strains A/J and B6.A6.
B6.A6 was resistant to metabolic disease. Phenotypes related to metabolic disease were examined in strains B6, A/J, and B6.A6 after 50 and 100 days on the HFSC diet (Table 3) . Relative to B6 mice, A/J mice had lower levels of liver triglycerides and higher levels of BHB after 50 days on the HFSC diet. Plasma triglycerides and total cholesterol did not differ significantly. Relative to B6, B6.A6 mice also had decreased liver triglycerides after 50 days on the HFSC diet; all other measurements remained unchanged. Strain differences at this early time point may more directly reflect primary metabolic differences rather than secondary effects attributable to consequences of significant differences in body weight later in the study.
Significant differences between B6 and both A/J and B6.A6 were observed for body weight, cholesterol, and liver triglycerides after 100 days on the HFSC diet (Table 3 ). Relative to B6, A/J mice also had decreased fasting glucose levels, insulin levels, and HOMA-IR and increased BHB. Relative to B6, B6.A6 mice had increased plasma triglyceride levels. Overall, the significant decreases in body weight of A/J and B6.A6 were associated with improvements in certain key measures of metabolic disease relative to B6 rather than a general improvement in metabolic profile.
Liver triglyceride levels were reduced ϳ50% in A/J and B6.A6 relative to strain B6 after 50 and 100 days on the HFSC diet ( Table 3) . Analysis of liver histology confirmed a decrease in both microvesicular and macrovesicular fat deposition (Fig. 2) . Thus, as in humans, the degree of steatosis was correlated with body weight (1) .
Differences in cholesterol synthesis or cholesterol absorption could account for the lower cholesterol levels in A/J and B6.A6 relative to B6. Markers for cholesterol biosynthesis (desmosterol, lathosterol, and 7-dehydrocholesterol) were significantly lower in strains A/J and B6.A6 relative to B6 (Supplemental Table S1 ). Among markers of cholesterol absorption (cholestanol, sitosterol, and campesterol), A/J mice did not differ from B6. Relative to B6, B6.A6 had decreased levels of campesterol, suggesting a decrease in cholesterol absorption (Supplemental Table S1 ). Despite this difference in absorption rates, it is likely that the reduction in cholesterol synthesis is a larger factor contributing to total cholesterol levels given the small amount of cholesterol in the HFSC diet.
Increased levels of BHB in A/J mice suggested differences in triglyceride catabolism in the fasted state. To investigate this Fig. 1 . Gene-diet interaction affects weight gain. A: comparison of weight gained between 35 and 135 days of age while on the low-fat complex carbohydrate (LFCC) or high-fat simple carbohydrate (HFSC) diet in B6, A/J, and B6.A6; ANOVA revealed significant effects of strain (P Ͻ 0.0001) and diet (P Ͻ 0.0001) and an interaction between strain and diet (P Ͻ 0.0001). B: comparison of weight gain between 35 and 135 days of age on the 5010 or HFSC diet in 6C1 and 6C2 by ANOVA revealed significant effects of strain (P Ͻ 0.006) and diet (P Ͻ 0.00001) and an interaction between strain and diet (P Ͻ 0.0004).
question, the acylcarnitine profiles of B6, A/J, and B6.A6 were determined (Supplemental Table S2 ). No patterns were detected that would indicate differences in triglyceride catabolism.
Protein metabolism in B6.A6. Relative to B6 mice, A/J mice had lower levels of BUN after both 50 and 100 days on the HFSC diet (Table 3 ). Relative to B6 mice, BUN levels in B6.A6 mice did not differ after 50 days on the HFSC diet but were significantly higher after 100 days (Table 3) . Therefore, BUN levels differed between B6 and both A/J and B6.A6 mice; however, the direction of effect was not the same.
The altered BUN levels may reflect differences in protein catabolism, urea cycle flux, or renal function, among others. Protein catabolism rates were unchanged between B6 and A/J, as reflected by similar levels of the branched-chain amino acids leucine, isoleucine, and valine (Supplemental Table S3 ). Lower levels of citrulline in A/J mice suggest that variation in urea cycle flux may account for the reduced BUN levels, although the other urea cycle amino acids, arginine and ornithine, were unchanged. B6 and B6.A6 mice did not differ with respect to branched-chain or urea cycle amino acids, which is consistent with a decrease in renal function in B6.A6 mice relative to B6. Additional amino acid measurements revealed reduced levels of glutamine and taurine in A/J mice relative to B6 (Supplemental Table S3 ). B6.A6 mice also had reduced taurine levels relative to B6 (Supplemental Table S3 ).
The A/J-derived allele of Obrq2 conferred resistance to diet-induced obesity. Chromosome 6 is 150 Mb and contains an estimated 1,195 protein-coding genes (Ensembl release 48). To localize obesity resistance QTLs on chromosome 6, a panel of congenic strains containing A/J-derived segments of chromosome 6 on an otherwise B6 background were fed the HFSC diet, and body weight was measured (Burrage and Nadeau, unpublished observation). Among four body weight QTLs identified, Obrq2, which had the largest effect, was defined by the congenic strains 6C1 (obese) and 6C2 (lean) and spans a 40.9-Mb interval between markers D6Mit138 and D6Mit223 (Fig. 3) . The genomes of strains 6C1 and 6C2 differ only with respect to sequence within the Obrq2 interval; therefore any phenotypic differences between these two strains are due to the effects of Obrq2.
To test whether the effect on body weight of Obrq2 was specific to the HFSC diet, we measured weight gain on a standard rodent diet (LabDiets 5010) in addition to the HFSC diet. 6C2 mice were significantly leaner than 6C1 mice on both diets (Table 4) . Comparison of weight gained between 6C2 and 6C1 on the 5010 and HFSC diets identified significant effects of strain, diet, and strain ϫ diet interaction (Fig. 1B) . Therefore, the effect of Obrq2 on body weight was not specific to a particular diet, although the effect was magnified with the HFSC diet. The growth curves of mice fed the HFSC diet are shown in Supplemental Fig.  S1B . The difference in body weight was consistent with a decrease in adiposity, because the BMI of 6C2 was decreased relative to 6C1 (Table 4) .
Obrq2 did not affect food consumption. Food intake was measured in group-housed 6C1 and 6C2 mice after 80 -90 days on the HFSC diet. At this time, the 6C1 mice were significantly heavier than the 6C2 mice [38.04 Ϯ 1.41 g (n ϭ 8) vs. 33.20 Ϯ 1.08 g (n ϭ 7); P Ͻ 0.03]. Food intake per gram of body weight did not differ between the two strains (Table 2), Values are means Ϯ SE for n mice. *P Ͻ 0.05 (relative to B6); †P Ͻ 0.001 (relative to A/J). Values are means Ϯ SE for n mice. HOMA-IR, homeostasis model assessment-insulin resistance. a P Ͻ 0.05 (relative to B6); b P Ͻ 0.001 (relative to B6); c P Ͻ 0.0001 (relative to B6); d P Ͻ 0.05 (relative to A/J); e P Ͻ 0.0001 (relative to A/J).
suggesting that differences in body weight were not attributable to differences in food consumption.
Inheritance pattern of Obrq2. An imprinted region lies within the Obrq2 interval that contains the gene Mest (12, 14) . Variation in Mest expression levels are correlated with weight gain among genetically identical B6 mice (13) . To test for a parental effect, as would be expected if an imprinted gene was responsible for the Obrq2 phenotype, we analyzed F1 males derived from reciprocal crosses between B6 and 6C2. Body weight did not differ between offspring of the reciprocal crosses [40.73 Ϯ 1.20 g (n ϭ 28) vs. 39.50 Ϯ 0.71 g (n ϭ 27); P Ͼ 0.35], suggesting that there was no parental effect. Variance is another measure that can detect parental effects, and while the variance of the reciprocal crosses differed (P Ͻ 0.01), this was primarily due to a single cage of large mice. When the variance of weight gain rather than body weight was analyzed there was no longer a significant difference (P Ͼ 0.2). The mean values for body weight were therefore pooled and compared with the parental strains B6 and 6C2. The body weight of the (B6 ϫ 6C2) F1 mice (40.13 Ϯ 0.70 g, n ϭ 55) was intermediate between the two parental strains, suggesting a semidominant inheritance pattern, as was also found for B6.A6.
Effects of Obrq2 on metabolic profile. To characterize the phenotype controlled by Obrq2, we analyzed a series of metabolic traits in congenic strains 6C1 and 6C2 (Table 5 ). After 28 days on the HFSC diet, no differences between strains 6C1 and 6C2 were detected in cholesterol, triglycerides, or free fatty acid levels. In contrast, after 100 days on the HFSC diet, glucose, insulin, and HOMA-IR were reduced in strain 6C2 versus 6C1, whereas levels of free fatty acids were elevated. Thus, as was observed in B6.A6, the obesity resistance that is conferred by the A/J-derived allele of Obrq2 is associated with specific improvements in measures of metabolic disease as opposed to a more broad-based effect.
DISCUSSION
Mouse models of diet-induced obesity. We characterized a series of metabolic traits related to obesity and metabolic syndrome in strains B6, A/J, B6.A6, 6C1, and 6C2. B6.A6 was associated with a 22% reduction in body weight on a HFSC diet relative to B6, corresponding to ϳ75% of the difference between the parental strains A/J and B6 (Table 1; Ref. 26) . The A/J-derived allele of Obrq2 conferred an 11% reduction in body weight relative to strain 6C1 (Table 4) . Food intake was not decreased in A/J, B6.A6, or 6C2, suggesting that these obesity-resistant strains differ in efficiency of energy extraction or energy expenditure rather than energy intake. The weight gain of each strain was examined in the context of diets that differed greatly with respect to the type and amount of fat and carbohydrate. A/J, B6.A6, and 6C2 gained significantly less weight regardless of the composition of the diet, although a gene ϫ diet interaction was identified, whereas B6 mice were particularly susceptible to weight gain when fed a HFSC diet. Similar observations made in humans are perhaps best illustrated by the Pima Indians, whose switch from a physically demanding and calorie-restricted environment to an obesogenic environment revealed an inherited predisposition toward obesity and diabetes (20) . These genetic susceptibility loci are thought to partially explain the obesity epidemic over the past 30 years, a time period too short for sweeping genetic changes (9) . Further study of B6.A6 and 6C2 may provide insight into the mechanisms underlying this phenomenon that remains largely unexplained at the genetic and molecular levels.
Genetic background effects. The search for the genetic basis of obesity resistance began with the A/J genome, then focused on a single chromosome, and finally progressed to a single segment of that chromosome. Characterization of a series of traits in each strain revealed no consistent profile of metabolic phenotypes that was associated with obesity resistance. Rather than simply narrowing the search for an obesity resistance gene with a fixed phenotype, we found evidence suggesting that the A/J genome harbors many QTLs whose actions depend on genetic background. For example, both A/J and 6C2 had improved insulin sensitivity relative to their respective controls, suggesting the presence of a gene(s) underlying this phenotype within the Obrq2 interval. However, B6.A6 contains the Obrq2 genomic interval but remained insulin resistant despite a similar body weight, suggesting another QTL with compensating effects. Additionally, although levels of plasma triglycerides did not differ between strains B6 and A/J, B6.A6 had increased plasma triglyceride levels. These context-dependent phenotypes highlight the utility of the CSS panel and the congenic strains derived from them even for the study of traits that do not differ between the parental strains B6 and A/J. The actions of these QTLs presumably depend on epistatic or counterbalancing alleles.
Epidemiologic evidence in humans suggests that genetic variants with large, nonadditive effects control predisposition to obesity (23) . This is consistent with the genetic architecture of obesity that was described in mice based on analysis of the complete panel of CSSs and additional congenic strains (26) . However, linkage and association studies in humans have been largely unsuccessful at uncovering these types of genetic interactions (3) . The difficulty may lie in part in the dynamic effects of genetic background as evidenced above, a property that the CSSs and derived congenic strains are well-suited for studying (19) .
Genotype-phenotype correlations within metabolic syndrome. The phenotypic differences among the three obesityresistant mouse strains reported here resemble the diversity encompassed within the diagnosis of metabolic syndrome. Definitions of metabolic syndrome vary, but all center around the clustering of obesity, insulin resistance, dysglycemia, dyslipidemia, and hypertension (6) . Individuals with metabolic syndrome are at a greater risk of developing diabetes, cardiovascular disease, nonalcoholic steatohepatitis, and polycystic ovary syndrome, among others (6) . There is considerable phenotypic variability among affected individuals, which has led to questions regarding the utility of the diagnosis (11, 22) . A study of healthy individuals found that 70% of individuals within the most insulin-sensitive tertile had normal body weight (BMI Ͻ 25), whereas 84% of individuals within the most insulin-resistant tertile were either overweight or obese (BMI Ͼ 25) (18) . This leaves 30% of the insulin-sensitive individuals who are overweight or obese and 16% of the insulin-resistant individuals who are of normal body weight. These individuals, for unknown reasons, do not conform to the classic metabolic syndrome phenotype. Comparisons between the obesity-resistant strains A/J and 6C2 (insulin sensitive) and B6.A6 and 6C1 (insulin resistant) may help elucidate the genetic and molecular basis for genotype-phenotype correlations among the components of metabolic syndrome and thereby refine and improve the existing diagnostic criteria as well as improving our understanding of the etiology of this increasingly common medical condition. Values are means Ϯ SE for n mice. *P Ͻ 0.05 (relative to 6C1); †P Ͻ 0.0001 (relative to 6C1). Values are means Ϯ SE for n mice. *P Ͻ 0.05 (relative to 6C1); †P Ͻ 0.0001 (relative to 6C1).
